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Apparatus, system, and method of depositing thin and
ultra-thin parylene are described. In an example, a core
deposition chamber 1s used. The core deposition chamber
includes a base and a rigid, removable cover configured to
mate and seal with the base to create the core deposition
chamber and to define an 1nside and an outside of the core
deposition chamber. The core deposition chamber also
includes a conduit through a top of the cover. The conduit
has a lumen connecting the inside to the outside of the core
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6000 um. The length 1s less than 140 times the cross-section
width. The core deposition chamber can be placed 1 an
outer deposition chamber and can achieve parylene deposi-
tion less than 1 um thick mside the core deposition chamber.
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RELIABLE DEPOSITION OF THIN
PARYLENE

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to U.S. Patent Application
No. 62/245,421, filed Oct. 23, 2015, the teaching of which
1s hereby incorporated by reference for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

BACKGROUND

1. Field of the Art

Embodiments of the present invention generally relate to
vapor deposition of polymers, including parylene, to manu-
facture a thin polymer film, thinner than 1 micrometer 1n the
case of parylene.

2. Description of the Related Art

Parylene 1s a generic name for members of a series of
poly(p-xylylene) polymers. Parylene polymer 1s known to
excel as a dielectric and as a water vapor barrier without
being toxic. Having been commercialized in the 1960s,
parylene has found widespread use 1n the electronics, auto-
motive, acrospace, medical, and other industries. It generally
has preterable chemical vapor depositing attributes com-
pared to other conformal coating materials such as acrylics,
epoxies, polyurethanes, and silicones.

Parylene N 1s the basic member of the series. It 1s
commonly derived from [2.2]paracyclophane, which can be
synthesized from p-xylene. Parylene N 1s typically a com-
pletely linear, highly crystalline material.

Parylene C, which has one chlorine group per repeat unit,
1s another of the series. It 1s typically produced from the
same dimer as parylene N but having a chlorine atom
substituted for one of the aromatic hydrogen atoms. Its ease
of use and especially well-mannered chemical vapor depo-
sition characteristics make 1t i1deal for use as a conformal
coating on printed circuit boards and as a structure or
sacrificial intermediate 1n nanofabricated devices. Its dem-
onstrated bio-compatibility as a United States Pharmaco-
peial Convention (USP) Class VI biocompatible polymer
makes 1t suitable for medical devices.

Parylene D, which has two chlorine groups per repeat
unit, 1s another common parylene of the series. Although it
has better diffusion characteristics than parylene C, parylene
D generally deposits less uniformly than parylene C.

Parylene AF-4, with the alpha hydrogen atoms of the N
dimer replaced with fluorine, 1s another parylene of the

series. Parylene AF-4 1s also known as Parylene SF when
manufactured by Kisco Conformal Coating, LLC of Cali-
forma (a subsidiary of Kisco Ltd. of Japan) or PARYLENE
HT® when manufactured by Specialty Coating Systems,
Inc. of Indianapolis, Ind.

Other parylenes, such as parylene V1-4, parylene A,
parylene AM, and parylene X, are known 1n the art and are
used for specialized products 1n industry.

Fundamental aspects of parylene N and parylene C are
detailed 1n P. Kramer et al., “Polymerization of Para-Xy-
lylene Derivatives (Parylene Polymerization). I. Deposition
Kinetics for Parylene N and Parylene C,” Journal of Poly-
mer Science: Polymer Chemistry Edition, Vol. 22 (1984), pp.
4'75-491. This journal article i1s hereby incorporated by
reference in 1ts entirety for all purposes.
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2

Fundamental aspects of parylene X are detailed in 1.
Senkevich et al., “Thermomechanical Properties of Parylene

X, A Room-Temperature Chemical Vapor Depositable
Crosslinkable Polymer,” Chem. Vap. Deposition, 2007, 13,
pp. 535-59. This journal article i1s hereby incorporated by
reference in 1ts entirety for all purposes.

Parylene 1s widely used in a number of applications
because of 1ts chemical vapor depositing attributes. For
example, parylene 1s a very popular polymer in micro-
clectro-mechanical systems (MEMS), with widespread use
in substrates for flexible devices or packaging shell for
micro-implant devices. Thin (e.g., less than 1 micrometer)
parylene deposition has been utilized to seal permeable sites
of polydimethylsiloxane to tune the small-molecule diffu-
sivity or gas permeability of substrate. It has also been
reported that an ultra-thin parylene film (e.g., having a
thickness 1n the nanometer range) was able to function as a
nanoporous coating of electrode to stabilize the electrode/
clectrolyte interface.

The manufacturing process of thick parylene 1s well
established. Thick parylene films, typically thicker than 1
micrometer, can be efliciently manufactured. The manufac-
turing process utilizes an amount of a parylene dimer, which
1s then vaporized and subjected to pyrolysis to turn it into an
amount of monomer, and then deposited at lower tempera-
ture (e.g., at room temperature, or at a particular temperature
between 173.0 and 373.0 K) on a substrate. Many parylene
deposition systems exist and implement these manufactur-
ing steps.

For thin and ultra-thin parylene, the manufacturing pro-
cess 15 not as eflicient and repeatable, and introduces 1impu-
rities. A thin parylene film 1s typically less than 1 micrometer
thick. An ultra-thin parylene film has a thickness 1n the
nanometer range. The manufacturing process utilizes the
same steps above and 1s conducted using any of the existing
parylene deposition systems. The diflerence 1s that a much
smaller amount of parylene dimer 1s loaded into the parylene
deposition system.

For example, all the thicknesses of ultra-thin parylene that
have been reported so far were controlled only by varying
the loading masses. To prepare a ultra-thin parylene film, the
loaded dimer weight was proportionally low. In the case of
depositing a 20 nm parylene C film, only one or two dimer
granules are required, which makes the thickness control
rather diflicult and unrepeatable.

Because of the small amount, the deposition occurs 1n a
flash and 1s not highly controllable. The deposition process
1s too fast, since 1t takes an awtully short time to burn up all
the dimers when the loading dimer weight 1s very low. The
fast deposition process 1s dynamic in nature, and would
never reach a steady state in the deposition chamber char-
acterized by the constant coating pressure at the set point,
which may considerably degrade the quality of the ultra-thin
parylene film. This result in a high error rate (e.g., number
of films of the desired thickness relative to undesired thick-
nesses) 1n the range of 50% for thin parylene and can
approach 100% for ultra-thin parylene. Further, any impu-
rity 1n the small amount of parylene dimer significantly
impacts the quality of the resulting film.

There 1s a need 1n the art for a controllable and repeatable
vapor deposition of parylene to manufacture high quality
thin and ultra-thin parylene films.

BRIEF SUMMARY

Generally, apparatus, system, and method of depositing
thin and ultra-thin parylene are described. A parylene depo-
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sition system includes a machine chamber depositing thick
parylene (e.g., with a thickness larger than 1 um) at a
particular deposition pressure and deposition temperature.
Monomeric gas generated based on parylene dimer 1s used
for the deposition. A core deposition chamber 1s placed 1n
the machine chamber. To highlight this placement, the
machine chamber 1s also referred to herein as an outer
machine chamber. The core deposition chamber contains a
component, such as a substrate or a MEMS device to be
coated with parylene. The deposition chamber also includes
a conduit through a surface, such that the conduit connects
the inside to the outside of the deposition chamber. The
monomeric gas efluses and/or diffuses from the machine
chamber 1nto the deposition chamber via the conduit. While
the deposition temperature 1s relatively unchanged, the
deposition pressure inside the deposition chamber 1s rela-
tively smaller. Hence, the deposition of the parylene inside
the deposition chamber occurs at the lower pressure and
results 1n a much thinner (e.g., less than 1 um) parylene film.

An embodiment of a parylene deposition metering appa-
ratus 1s described. The apparatus includes a based. The
apparatus also 1ncludes a rigid, removable cover configured
to mate and seal with the base to create an enclosed core
deposition chamber and define an inside and an outside of
the core deposition chamber. The base and the cover are
configured to withstand an 1nternal vacuum pressure relative
to the outside of at least 1.0 Pa. The apparatus also includes
a conduit through a top of the cover. The conduit has a lumen
connecting the mside to the outside of the core deposition
chamber. The lumen has a length and a cross-section. The
cross-section has a width between 50 um and 6000 um. The
length 1s less than 140 times the cross-section width. The
core deposition chamber can be placed in an outer deposi-
tion chamber and can achieve parylene deposition less than
1 um thick inside the core deposition chamber.

In an example, the cross-section i1s circular and the
cross-section width 1s a diameter. The cross-section diameter
and length are configured to enable controlled effusion of an
outside parylene monomer at a pressure between 1.0 and
20.0 Pa and a temperature between 173.0 and 373.0 K
through the lumen to the inside of the core deposition
chamber. The eflusion results 1n a reduced deposition rate
compared to outside of the core deposition chamber.

In an example, the apparatus also includes at least one
notch along a secant of the conduit at a predetermined axial
position of the conduit. This notch enables a user to more
casily cut or sever the conduit to a new, predetermined
length. By doing so, the user can controllably change the rate
of eflusion/diffusion of monomeric gas into the deposition
chamber, thereby altering the pressure differential and the
resulting parylene deposition rate.

In an example, the length of the conduit 1s less than 40
times the cross-section width for parylene C deposition. The
length 1s also greater than 7 times the cross-section width.

In an example, the core deposition chamber has a volume
between 1 cubic centimeter and 10,000 cubic centimeters.
The conduit 1s defined by a tube that extends through the top
of the cover of the core deposition chamber. Alternatively,
the conduit i1s defined merely by an opening, such as an
orifice or a slit, through the top of the cover.

In an example, the base includes a rigid, removable tray
that 1s opposite to the cover and that 1s configured to mate
and seal with the based and to retain a substrate inside the
core deposition chamber. The distance between an inner side
of the cover and an inner side of the tray 1s between 1
centimeter and 40 centimeters.
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In an example, the apparatus further includes a label that
identifies at least one of a dimension of the conduit, a
pressure differential relative to a pressure inside the core
deposition chamber, or an identifier of the core deposition
chamber. The label 1s attached to the cover and includes a
radio frequency identifier-identification (RFID) tag or a
barcode that encodes the at least one of: the dimension, the
pressure differential, or the 1dentifier.

An embodiment of a parylene deposition system 1s
described. The system 1ncludes a vaporizer configured to
vaporize a polymer dimer into a dimeric gas. The system
also includes a pyrolysis tube connected to the vaporizer and
configured to pyrolize the dimeric gas into a monomeric gas.
The system also includes an outer deposition chamber
connected to the pyrolysis tube and having an interior
configured to receive the monomeric gas. The system also
includes a core deposition chamber placeable 1n and remov-
able from the outer deposition chamber and configured to
clluse the monomeric gas from interior of the outer depo-
sition chamber 1nto an 1nterior of the core deposition cham-
ber.

In an example, the system also 1includes a label reader. The
system 1s configured to set a deposition time and a pressure
inside the outer parylene deposition chamber based on a read
of a label by the label reader, where the label 1s attached to
the core deposition chamber.

In an example, the system also includes a user interface
configured to recerve user iput specitying a deposition time
and a pressure within the outer parylene deposition chamber.

An embodiment of a method of depositing parylene onto
a micro-electro-mechanical systems (MEMS) device 1is
described. The method 1includes vaporizing a parylene dimer
into a dimeric gas i a vaporizer. The method also 1includes
pyrolizing the dimeric gas mto a monomeric gas 1 a
pyrolysis tube connected to the vaporizer. The method also
includes receiving the monomeric gas 1n an outer deposition
chamber connected to the pyrolysis tube. The method also
includes eflusing the monomeric gas 1nto a core deposition
chamber from the outer deposition chamber. The method
also includes depositing parylene, based on the monomeric
gas ellused into the core deposition chamber, onto a surface
of a MEMS device contained 1n the core deposition cham-
ber.

In an example, the vaporizer, the pyrolysis tube, the outer
deposition chamber belong to a parylene deposition system,
and the vaporization 1s triggered by input at a user interface
of the parylene deposition system. The mput specifies a
pressure inside the outer deposition chamber and a deposi-
tion time. A thickness of deposited parylene onto the surface
of the MEMS device 1s based on the deposition time and a
pressure differential between the pressure inside the outer
deposition chamber and a pressure inside the core deposition
chamber. Additionally or alternatively, the input specifies a
thickness of deposited parylene onto the surface of the
MEMS device.

A Turther understanding of the nature and the advantages
of the embodiments disclosed and suggested herein may be
realized by reference to the remaining portions of the
specification and the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A diagrams a manufacturing system 1n accordance
with an embodiment.

FIG. 1B illustrates a laboratory-based vapor deposition
polymerization machine 1n accordance with an embodiment.
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FIG. 2A 1illustrates a core deposition chamber that
includes a cover in accordance with an embodiment.

FIG. 2B illustrates a top view of an example cover that
includes a single conduit 1 accordance with an embodi-
ment. 5

FIG. 2C 1llustrates a top view of an example cover that
includes a plurality of conduits in accordance with an
embodiment.

FIG. 3A illustrates a deposition chamber that 1s integrally
formed, where a cover and a base are a single part structure 10
in accordance with an embodiment.

FIG. 3B illustrates a deposition chamber that 1s not
integrally formed, where a cover 1s removable from a base
in accordance with an embodiment.

FIG. 4A 1illustrates a deposition chamber with itegrally 15
formed bottom surface and set of walls 1n accordance with
an embodiment.

FI1G. 4B 1illustrates another deposition chamber with inte-
grally formed bottom surface and set of walls 1n accordance
with an embodiment. 20

FIG. 4C 1llustrates a deposition chamber with non-inte-
grally formed bottom surface and set of walls 1n accordance
with an embodiment.

FIG. SA illustrates a cover that includes an opening in
accordance with an embodiment. 25
FIG. 5B illustrates a cover that includes a tube 1n accor-

dance with an embodiment.

FIG. 5C illustrates another cover that includes a tube in
accordance with an embodiment.

FIG. 5D illustrates another cover that includes a tube 1in 30
accordance with an embodiment.

FIG. SE illustrates a cross-section of a cover that includes
an opening in accordance with an embodiment.

FIG. 5F illustrates a cross-section of a cover that includes
a tube 1n accordance with an embodiment. 35

FI1G. 5G illustrates a cross-section of a cover that includes
another opening in accordance with an embodiment.

FIG. 5H illustrates a cross-section of a cover that includes
another tube 1n accordance with an embodiment.

FIG. 6 illustrates a numerical simulation of the distribu- 40
tion of active monomers inside a deposition chamber in
accordance with an embodiment.

FIG. 7 illustrates experimental results of thicknesses of
different types of parylene deposition in accordance with an
embodiment. 45

FI1G. 8 illustrates experimental results of deposited thick-
nesses relative to a loaded dimer weight in accordance with
an embodiment.

FIG. 9 illustrates experimental results of deposited thick-
nesses relative to a diameter of a cylindrical conduit in 30
accordance with an embodiment.

FIG. 10 illustrates an example method of operating a
parylene deposition system to deposit thin or ultra-thin
parylene 1n accordance with an embodiment.

FIG. 11 1llustrates an example method of depositing thin 55
or ultra-thin parylene 1n accordance with an embodiment.

DETAILED DESCRIPTION

Techniques are described for a controllable and repeatable 60
vapor deposition of parylene to manufacture high quality
thin and ultra-thin parylene films. The techniques can be
implemented in connection with existing parylene deposi-
tion systems without changes thereto. More specifically, the
flash manufacturing process of thin and ultra-thin parylene 65
in such systems 1s avoided. Instead, the controllable, repeat-
able, and high quality manufacturing process of thick
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parylene 1s adapted to manufacture thin and ultra-thin
parylene. Any desired thickness of parylene films, down to
the nanometer range, can be achieved with a high level of
control and repeatability, and at a high quality.

Generally, a parylene deposition system includes a
parylene deposition chamber where a substrate may be
placed and parylene may be deposited at room temperature
under a particular pressure. In the interest of clanty of
explanation, this chamber is referred to herein as an “outer
deposition chamber” or, equally, “a machine chamber.” The
pressure at which deposition occurs 1s referred to herein as
“pressure in machine chamber,” or “P, - for short. From an
amount of parylene dimer, thick parylene 1s manufactured 1n
part based on chemical vapor deposition (CVD) mn the
machine chamber at P, .

To manufacture thin and ultra-thin parylene, embodi-
ments of the present disclosure include a second parylene
deposition chamber. This new chamber 1s referred to herein
as a “core deposition chamber” or, equally “deposition
chamber.” The deposition chamber 1s relative smaller than
the machine chamber and includes a conduit. The conduit
has a lumen that connects the inside to the outside of the
deposition chamber. The conduit can be sized (e.g., 1n
length, cross-section, or both) to create a mean free path for
molecular gas, resulting 1 a particular rate of eflusion
and/or diffusion.

When the deposition chamber 1s placed inside the
machine chamber and CVD 1s triggered, the pressure mnside
the machine chamber 1s P,,.. However, the pressure nside
the deposition chamber 1s much lower because of the
molecular effusion and/or diflusion through the lumen of the
conduit. This pressure 1s referred to herein as “pressure 1n
deposition chamber,” or “P,.” for short. Hence, any
parylene deposition within the deposition chamber occurs at
P, rather than the much larger P, .

The thickness of the parylene film depends on the pres-
sure at which CVD occurs, among other factors. Because of
the relatively smaller pressure P, ~, the deposition chamber
1s usable to manufacture thin and ultra-thin parylene film
based on amount of parylene dimer usable for thick parylene
manufacturing. For example, instead of attempting to flash
manufacture a 20 nm parylene C film by using one or two
dimer granules, a much more prolonged and controlled
manufacturing 1s possible with a much larger amount of
dimer granules. Continuing with this example, 1f the pres-
sure ratio between P, and P,,~ 1s 1-t0-100 and if the
machine chamber would have been used to manufacture a 2
um parylene film given the proper amount of dime granules
and a certain deposition time, the deposition chamber can
likewise be used to manufacture the 20 nm parylene C film.

In an example, a substrate 1s placed inside the deposition
chamber. The deposition chamber 1s then placed inside the
machine chamber. An amount of dimer sutlicient for thick
parylene manufacturing 1s loaded into the parylene deposi-
tion system and CVD 1s triggered in the machine chamber at
P,,~ The low P, . inside the deposition chamber helps to
achieve a thin or ultra-thin parylene deposition on a surface
of the substrate.

In the 1nterest of clarity of explanation, the embodiments
of the present disclosure are described 1n connection with
parylene deposition. However, the embodiments are not
limited as such. Instead, the embodiments similarly apply to
CVD of other polymers. Specifically, a deposition chamber
can be formed similarly to the embodied core deposition
chamber. The deposition chamber and 1ts conduit can be
s1zed to facilitate a particular effusion and/or diffusion rate
given the molecular gas used in the CVD.
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FIGS. 1A and 1B are a manufacturing system diagram and
clevation view of a corresponding physical laboratory-grade
machine 1n accordance with an embodiment. In a vapor
deposition polymerization system 100, there 1s a vaporizer
108, a pyrolysis tube 110, and a machine chamber 112. The
vapor deposition polymerization system 100 1s an example
ol a parylene deposition system.

Powdered dimer 1s loaded into the vaporizer 108 and then
vaporized mto a dimeric gas. The dimeric gas passes to the
pyrolysis tube 110, where 1t 1s pyrolized into a monomeric
gas. The monomeric gas then i1s fed into the interior of the
machine chamber 112. The monomeric gas represents an
amount of monomers 1n a gaseous state.

In the machine chamber 112, the monomeric gas 1n its
gaseous state 1s generally at room temperature (e.g., 25° C.)
and can be deposited at that temperature to form a parylene
layer, which may be referred to herein as a parylene film.
The thickness of the parylene layer depends on the pressure
P, inside the machine chamber 112 and the deposition
time, among other factors. The higher the pressure, the
thicker the layer 1s. The longer the time, the thicker the layer

1s too.

In an example, Coating Systems, Inc. of Indianapolis,
Ind., U.S.A., manufactures the SCS PDS 2035CR Parylene
Deposition System. In 1ts vaporization chamber, dimer di-
para-Xylylene 1s vaporized at 150° C. at 1.0 torr. In 1its
pyrolysis chamber, monomer para-xylylene 1s pyrolized at
680° C. at 0.5 torr. In 1ts machine chamber, polymer
polylpara-xylylene 1s deposited at 25° C. at 0.1 torr. In such
a deposition system, parylene coatings can range in thick-
ness from hundreds of angstroms to several mils (1.e.,
thousandths of an 1inch). A typical thickness 1s in the micron
(Lm) range.

To reduce the thickness from the micron range down to
the nanometer range, the embodiments of the present dis-
closure also include a set of deposition chambers 120 that
can be placed in the interior of the machine chamber 112.
FIG. 1 1llustrates two of such chambers 120, although a
lower or higher number 1s possible.

Placing a deposition chamber 120 can be temporary for at
least the duration of parylene deposition. In other words, the
deposition chamber 120 can be placed in the machine
chamber 112 before the start of the deposition. Once the
deposition 1s complete, the deposition chamber 120 can be
removed from the machine chamber 112. In this case, rather
than coating a substrate by placing 1t directly 1in the machine
chamber 112, the substrate 1s placed first in the deposition
chamber 120, which 1s then placed 1n the machine chamber

12.

An advantage of the temporary placement i1s that the
deposition chamber 120 can be adapted for use 1n an existing
parylene deposition system without having to alter such a
system. Another advantage 1s that the deposition chamber
120 can be disposable. In other words, after a predefined
number of parylene depositions, the deposition chamber 120
need no longer be utilized and may be decommaissioned. A
new deposition chamber 120 would be used instead. In this
way, any impurities or changes to an otherwise over-utilized
deposition chamber 120 would not become a factor that
could negatively impact the quality of the parylene deposi-
tion.

In another example, placing the deposition chamber 120
can involve a permanent installation or integration of this
chamber 120 within the machine chamber 112. In this case,
the parylene deposition chamber 120 1s a structure integral
to the vapor deposition polymerization system 100.
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A rotating platform 130, such as a turn plate, can also be

installed 1in the interior of the machine chamber 112. The
rotation platform 130 includes a base and a tray that form a
T-shaped structure. The rotation occurs around the base. A
top surface of the tray can be used to place the set of
deposition chambers 120. I1 the set includes multiple depo-
sition chamber 120, they can be uniformly distributed along
the tray. For example, the tray can include evenly distributed
notches, where each note 1s sized to receive one deposition
chamber 120. During parylene deposition, the tray 1s rotated
around the base such that the monomeric gas 1n the interior
of the machine chamber 112 1s uniformly distributed to the
interiors of the deposition chamber 120.
The vapor deposition polymerization system 100 can
include a user interface, such as a set of hard or soft buttons
and/or a graphical user interface (GUI) for receiving user
iput that specifies the pressure P, -, the deposition time, a
thickness of the parylene layer, and/or other deposition-
related factors. Given the iput, a processor (not shown) of
the vapor deposition polymerization system 100 accesses
control parameters and instructions from a memory (not
shown) of the vapor deposition polymerization system 100.
The processor then executes the mstructions to control CVD
according to the control parameters. For example, the con-
trol parameters can set the deposition time or control the
pressure P, inside the machine chamber 112.

Although not shown i FIGS. 1A and 1B, the vapor
deposition polymerization system 100 can also include a
label reader, such as a radio frequency identification (RFID)
reader or a barcode reader. The label reader can be 1nstalled
in proximity of the machine chamber 112 or within 1ts
interior. The label reader 1s configured to read a label, such
as an RFID tag or a barcode, attached to a deposition
chamber 120. The data read from the label 1s transmitted to
the processor.

In an example, the label of a deposition chamber 120
stores or encodes a dimension of a conduit of the deposition
chamber 120, a pressure differential relative to a pressure
inside the deposition chamber 120, or an i1dentifier of the
deposition chamber 120. The memory of the vapor deposi-
tion polymerization system 100 can store control parameters
for controlling the parylene deposition given any of such
readable data. For example, tabulated deposition times and
pressures P, for diflerent parylene thicknesses are corre-
lated and stored per conduit dimension, pressure diflerential,
or deposition chamber 1dentifier. Hence, upon a read of data
encoded 1n the label of the deposition chamber 120 and upon
input at the user interface specitying a desired thickness, the
proper control parameters can be retrieved from the memory
and used to automatically set the proper deposition time and
pressure P,y .

Further, the memory can store a predefined number of
times that a deposition chamber 120 can be utilize. Upon a
read of the respective label, the identifier of the deposition
chamber 120 1s retrieved and a counter 1s incremented and
stored 1n the memory. If the counter reaches the predefined
number of times, a recommendation can be provided at the
user 1nterface to dispose of or replace the deposition cham-
ber 120.

In an example, the deposition chamber includes a conduit
122. The conduit 122 has a lumen that connects the inside to
the outside of the deposition chamber 120. Hence, when
placed 1 the machine chamber 112, the lumen connects the
interior of the deposition chamber 120 to the interior of the
machine chamber 112. A volume of the deposition chamber
120 1s large enough to contain a component 140 that needs
to be coated with parylene. Example components include
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substrates and MEMS devices, among other components.
Once coated, the component 140 includes a parylene layer
142 (referred to also a parylene film and a parylene coating).
The conduit 122 and means for retaining a component are
turther described in connection with the next figures. Brietly,
the conduit 122 can be an opening, a slit, or a tube through
a surface of the deposition chamber 120 The retention means
can include a notch or a tray at an opposite surface.

When placed in the machine chamber 112 and CVD 1s
triggered, the conduit 122 transports monomeric gas (or an
amount of monomers) into the deposition chamber 120 from
the machine chamber 112. Depending on a dimensions of the
conduit 122 (e.g., the length, the cross-section, or both), the
transportation includes an eflusion and/or a diffusion of the
monomeric gas. This transportation results in a lower pres-
sure P, - inside the deposition chamber 120 relatively to the
pressure P,,~ in the machine chamber 112. The pressure
differential results 1n a lower deposition rate inside the
deposition chamber 120. This deposition rate may be a
function of (e.g., proportional to) the ratio of P, over P, .
For instance, 1f the ratio 1s 1-to-100, then a deposition rate
in the machine chamber 112 1s reduced by two orders of
magnitude of in the deposition chamber 120. In other words,
if a 1 um thick parylene film 1s producible 1n the machine
chamber 112 over a deposition time, a 10 nm thick parylene
film 1s producible in the deposition chamber 120 over the
same deposition time.

The volume of the deposition chamber 120 1s generally
smaller than the volume of the machine chamber 112 to
allow the placement. If a rotating platform 130 1s used,
dimensions of the deposition chamber 120 can also be
defined dependently on the dimensions of the rotating plat-
form 130. In an example, the diameter of the t rotating
platform 130 1s about 22 cm and the height of the machine
chamber 112 1s about 50 cm. In this example, the volume of
the deposition chamber 120 can be set to 0.25xmx22°x%
30=10,000 cm” or higher. However, the larger the inner
surface area of the deposition chamber 120 becomes, the
thinner the parylene layer can be obtained. On the other
hand, there 1s no lower bound on the volume of the depo-
sition chamber 120. It can be as small as 1 cm®. If smaller
than 1 cm”, manipulating the deposition chamber 120 can be
difficult.

Hence, a component 1s placed 1n the deposition chamber
120. The deposition chamber 120 1s then placed onto the
rotating platform 130. An amount of parylene dimer 1s
loaded 1nto the vapor deposition polymerization system 100.
User mput 1s received at the user interface to trigger the
CVD. The parylene dimer 1s vaporized 1n the vaporizer 108
into a dimeric gas. The dimeric gas 1s pyrolized in the
pyrolysis tube 110 into a monomeric gas. The deposition
chamber 120 receives the monomeric gas. An amount of this
gas elfuses and/or defuses mto the deposition chamber 120.
Parylene deposition occurs accordingly in the deposition
chamber 120 and coats a surface of the component with a
thin or ultra-thin layer of parylene.

The deposition chamber 120 acts a metering apparatus for
the monomeric gas, thereby controlling the parylene depo-
sition therein. The conduit 122 acts a flow controller that
meters the intake of the monomeric gas, thereby reducing
the pressure P, inside the deposition chamber relative to
the outside pressure P, . The controlled deposition occurs
at the lower pressure P, . resulting in thin or ultra-thing
parylene coatings.

As 1llustrated 1 FIG. 1, the component 140 1s placed
inside the deposition chamber 120, resulting 1n a parylene
layer 142. The parylene layer 142 has a thickness (t,) that
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1s less than 1 um). In comparison, a similar component 150
(e.g., a different umt of the same component 140) can also
be placed inside the machine chamber 112 (e.g., on the
rotating platform 130, outside of any deposition chamber
120). Parylene i1s deposited on the component 150, 1n
parallel to the parylene deposition on the component 140.
This results 1n a thicker parylene layer 152 (with a thickness
t,.~) on the component 150. The parylene layer 152 1s
thicker than the parylene layer 142 because the pressure P, .-
inside the machine chamber 112 1s larger than the pressure
P, mside the deposition chamber 120.

FIG. 2A illustrates an example of a core deposition
chamber 200. Generally, the deposition chamber 200
includes a top surface, a bottom surface, and a number of
walls that connects the top surface and the bottom surface.
As described herein above, the deposition chamber 200 1s
placeable in and removable from a machine chamber. Mono-
meric gas in the machine chamber efluses and/or defuses
into the interior of the deposition chamber 200, such as the
volume defined between the top surface, the bottom surface,
and the wall(s).

Generally, the deposition chamber 200 can have different
shapes and dimensions. FIG. 2A 1illustrates a cylindrical
shape. Other shapes are likewise possible including cubic,
cuboid, hexagon, cone, pyramid, and other shapes. The
distance between the inner side of the top surface and the
inner side of the bottom surface (e.g., the internal height of
a wall) varies between 1 cm and 40 cm. The cross section of
the top surface varies between 1 cm and 25 cm.

In an example, the wall(s) and the bottom surface define
a base 210 of the deposition chamber 200. Diflerent mate-
rials are possible for the base 210 including, paper (e.g., a
thick cardboard), plastic, glass, ceramic, and/or metal. In an
example, the bottom surface and the wall(s) are integrally
formed such that the bases 210 1s a single part structure. As
used herein, “integrally formed” parts include those that are
deposited, etched, cured, or formed at the same time as one
another such that the result 1s that they are connected by a
common material with one another, or as otherwise known
in the art. In another example, the bottom surface 1s a
different part from the wall(s) such that the base 210 1s not
integrally formed. For example, the bottom surface can be a
rigid, removable tray or bottom cover that mates with the
wall(s), where the mating 1s at the bottom end(s) of the
wall(s). These and other configurations of the bottom surface
and wall(s) are further described 1n connection with FIGS.
4A-C.

In an example, the top surface defines a cover 220 (e.g.,
a top cover) ol the deposition chamber 200. Diflerent
materials are possible for the cover 220 including, paper
(e.g., a thick cardboard), plastic, glass, ceramic, and/or
metal. In an example, the cover 220 and the wall(s) are
integrally formed. In this example, the cover 220 and the
base 210 (e.g., the wall(s) and the bottom surface) can be
integrally formed such that the deposition chamber 200 1s a
single part structure. In another example, the cover 220 1s a
different part from the base 210 (or the wall(s)) such that the
deposition chamber 200 1s not integrally formed. For
example, the cover 220 can be a rigid, removable cover that
mates with the wall(s), where the mating 1s at the top end(s)
of the wall(s). In this example, the cover 220 can be a rigid,
removable cover that mates and seals with the base 210 to
create an enclosed, core deposition chamber 200 and defines
an 1nside and an outside of the core deposition chamber 200.
When mated, the cover 220 and the bases 210 form the core
deposition chamber 200 such that this chamber 200 with-
stands an internal vacuum pressure relative to the outside of
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at least 1.0 Pa. In other words, the deposition chamber 200
can have a solid, stable structure. These and other configu-
rations of the cover 220 are further described in connection
with FIGS. 3A-B.

To facilitate the transportation (e.g., effusion and/or dii-
fusion) of monomeric gas into the deposition chamber 200,
at least one of the cover 220 and/or the base 210 includes one
or more conduits 222. For more eflicient transportation, the
cover 220 includes a set of conduits 222, such that gravity
can be advantageously used.

FIG. 2B 1llustrates a top view ol an example cover 220,
where the cover 220 includes a single conduit 222. In this
example, the condut 222 1s through a top of the cover 220
and proximate a center of the top of the cover 220 (e.g.,
located about the center). The conduit 222 includes a lumen
that connects the 1nside to the outside of the core deposition
chamber 200. The conduit 222 can be formed by creating
merely an opening through the cover 220, such as an orifice,

a hole, or a slit. Alternatively, the conduit can be formed by
a tube that extends through the opening. These and other
configurations of the conduit 222 are further illustrated 1n
connection with FIGS. 5A-5D.

FI1G. 2C 1llustrates a top view of an example cover 220,
where the cover 220 (noted as 220") includes a plurality of
conduits 222 (each noted as 222'). In this example, the
conduits 222" are uniformly distributed across the top of the
cover 220. For instance, the conduits 222' can be at equal
distance from each other. In this way, the transportation of
the monomeric gas through the conduits 222 can be uniform.
However, the distribution of the conduits 222' need not be
uniform. It can instead be random. Or, in one example, one
of the conduits 1s centered at the top of the cover 220, while

the remaining conduits are uniformly distributed along the
center.

Referring now to FIGS. 2A, 2B, and 2C, the lumen of a
conduit 222 has a length and a cross-section. In an example,
the lumen has a cylindrical shape. In this example, the
cross-section can be defined as the diameter of the lumen.
However, other shapes are possible. For various shapes, the
cross-section can be defined as the surface area at the top end
of the lumen (e.g., the surface area through which the
monomeric gas enters the lumen).

Two types of monomeric gas transportation are desired:
cllusion and diffusion. Which transportation type 1s pre-
dominant depends on the length and the cross-section.
Generally, eflusion 1s the process of transportation of the
monomeric gas when the cross-section 1s much smaller than
the mean free path of the gas molecules. In comparison,
diffusion occurs when the diameter 1s larger than the mean
free path. A Knudsen number (Kn) for the monomers can be
defined as the ratio of the molecular mean free path length
to the cross section. A high Kn number indicates effusion. A
low Kn number indicates diffusion. In an example, the
length and the cross-section of the lumen are set such that
the resulting Kn number of the monomers 1s between 0.1 and
12. This Kn number range allows a number of ways for
dimensioning the length and the cross-section. Generally,
the length and the cross-section of the lumen are configured
(e.g., sized to create an area of the lumen that results 1n a
particular Kn number) to enable controlled eflusion and/or
diffusion of an outside parylene monomer at a pressure
between 1.0 and 20.0 Pa and at a temperature between 173.0
and 373.0 K through the lumen to the inside of the core
deposition chamber 200. The effusion and/or diflusion result
in a reduced deposition rate compared to outside of the core
deposition chamber 220.
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In an example, diffusion can be the predominant trans-
portation type, when the length 1s much smaller than the
cross-section. In this case, the cross-section can be dimen-
sioned between 50 um and 6 mm. For instance, if a cylin-
drical lumen 1s used, its diameter would fall 1n the 50 um to
6 mm range. If another shape 1s used, the largest distance
between two points of the cross-section would fall 1n that
range 1oo.

To 1illustrate, the mean free path of parylene monomer at
the deposition condition (35 mTorr (4.6 Pa), 273.14 K) 1s
about 0.6 mm. In this example, a diameter of a cylindrical
lumen of the conduit 222 can be less than 6 mm, which
guarantees a Kn number larger than 0.1. This width of the
cross-section and the small length enable controlled effusion
of an outside parylene monomer at 4.6 Pa and 273.14 K
through the lumen to the inside of the core deposition
chamber 200, which results 1 a reduced deposition rate of
parylene compared to outside of the core deposition cham-
ber 200.

In another 1llustration, diameter of a cylindrical lumen of
the conduit 222 can be larger than 50 um, for a Kn number
smaller than 12. However, the diameter can be smaller than
50 um 11 the deposition 1s onto a small components (e.g., less
than a four inch water) or the deposition time 1s long, which
results 1 an extremely thin layer of parylene 1n the order of
tens of nm.

In an example, effusion can be the predominant transpor-
tation type, when the length 1s much larger than the cross-
section (e.g., more than five times larger). The larger the
ratio of length to cross-section, the larger the pressure
decrease 1s from the outside to the inside of the deposition
chamber 200, and the thinner the parylene deposition
becomes.

In an illustration of a cylindrical lumen of the conduit 222,
for parylene C, 1f the length to diameter ratio was around
7.79, the pressure can decrease to a half. It the ratio reaches
40, there may not be parylene monomer anymore. So, the
length should be smaller than 40 times of the diameter (or,
more generally, the cross-section) for C deposition. For
parylene N, the length should be smaller than 90 times of the
diameter (or, more generally, the cross-section). For
parylene HT, the length should be less than 140 of the
diameter (or, more generally, the cross-section).

Hence, for thin and ultra-thin parvlene depositions, the
lumen of the conduit 222 has a length and a cross-section,
wherein the cross-section has a width between 50 um and
6000 um, and where the length 1s less than 140 times the
cross-section width. The width and the length are selected to
achieve either or both eflusion and/or diffusion of mono-
meric gas, where the respective Kn number of the monomers
1s 1n the range between 0.1 and 12.

In an example, the thickness of the deposited parylene can
be modeled based on the dimensions of the conduit 222. For
this modeling, the relationship between deposition rate and
deposition pressure are supposed to be the same 1n a
machine chamber and in the deposition chamber 200 and
can be expressed as:

Rpiec:—Rptasc (1)

Kpsige—RplPpce (2),

where R, 1s a parameter related to temperature, sticking
coellicient and molecular weight.

In the condition when the pressure in both the machine
chamber and the deposition chamber 200 are stable, the tlow
rate of parylene monomer that passes through the conduit
222 can be expressed as:
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O=YawA(Pysc—Ppc) (3),

where v 1s the thermal velocity of parylene monomers and
A 1s the area of the lumen, according to the free molecular
flow theory when Knudsen number 1s larger than 1.

All the Parylene monomers that enters the deposition
chamber 200 are supposed to be deposited on the inner
surface of the chamber 200, including the deposition com-
ponent (e.g., a substrate or a MEMS device container in the
deposition chamber 200), then the deposition rate and the
flow rate of gas can be related as:

0= K Tﬁfﬂ KT Schamper Rinside
— gl —

dr S

(4)

where K, 1s the Boltzman constant, T 1s the temperature,
S .. 18 the mner surfacer area and 0 transiers monomer
numbers to thickness, which can be expressed as:

where X 1s the radius of the parylene monomer, 1 1s atomic
packing factor, which equals to 74%, supposing the depos-
ited parylene molecules are close packed.

By solving equation (1) to (4), the ratio of deposition rate
between depositions outside and 1n the deposition chamber
1s derived as:

Rpirect  4KpTRDS Chamber

OUA

R pside

For a square cross-section of the lumen, A=d*, where d
stands for the side length of the square, thus the ratio can be
related to Knudsen number as:

R Direct

AKgTRpSChamber .,»  O7 *RpS ChamperX Phyc K2
SuA2 " SuKpT "

R piside

where A 1s the free molecule length of the Parylene monomer
at P, /.

Setting the temperature to be 293.14 K, the resulting
parameters are listed 1n Table 1.

Kz \ X O R

2.8 x 1.55 x 1072° 235 x 10710
10719 m m> ms 'Pa~!

1.38 x 214.8 ms~!

1072 kgm?s K ™*

In an example, the deposition chamber 200 also includes
a label 212. The label 212 stores information about the

deposition chamber 200, such as one or more dimensions of
the conduit 222, an identifier of the deposition chamber 200,
an 1dentifier of the base 210, and/or an 1dentifier of the cover
220. The information can also relate to the deposition
capability of the deposition chamber 200, such as pressure
differential relative to a pressure inside the deposition cham-
ber 200, a deposition rate, an expected thickness relative to
a deposition time. Some or all of the deposition-related
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information can be derived from modeling, similar to the
above, and/or measured 1n a laboratory environment and can
be tabulated or plotted relative to deposition time or a
pressure P,,~ 1n a machine chamber.

The label 212 can encode the information such that 1t 1s
machine readable. For example, the label 212 1s an RFID tag
or a barcode. Additionally or alternatively, the information
can be stored 1n a human-readable format, such that the label
212 is an alphanumeric and graphic print.

In an example, the label 212 is attached to the base 210.
For mstance, the label 212 1s glued to an outer side of a wall
of the base 210. In another example, the label 1s attached to
the cover 220. For instance, the label 212 1s glued to an outer
side of the top of the cover 220 and does not block the
conduit 222. In yet another example, each of the cover 220
and the base 210 i1ncludes a label 212.

FIGS. 3A and 3B illustrate cross section views of two
configurations of a cover of a deposition chamber. In FIG.
3A, a deposition chamber 310 1s integrally formed, where a
cover and a base are a single part structure. As 1llustrated, the
thickness of the base (e.g., 1ts walls) and the cover can be
uniform. In another example, the thickness 1s non-uniform.
For instance, the thickness of the cover is tapered 1n toward
an opening for a conduit through the cover. Generally, the
thickness 1s large enough such that the structure integrity of
the deposition chamber 310 1s maintained across a range or
pressures, such as between 0.3 Pa to 10 Pa. Of course, the
thickness will depend on the type of material used for the
deposition chamber 310 (e.g., paper, plastic, glass, ceramic,
or metal) to maintain the structural integrity 1n the 0.3 Pa to
10 Pa range. In an example, the thickness 1s between 10 um
and 10 cm. For instance, the thickness of the cover around
the opening can be down to 10 um to support eflusion
through a cross-section of 50 um.

In FIG. 3B, a deposition chamber is not integrally formed.
Instead, 1t 1s formed with two separate parts: a base 350 and
a cover 352. The cover 352 can be rigid and removable from
the base 350. For instance, the cover 352 releasably mates
with the base 350. The mating can include screw-top,
twist-top, clamping, taping, or other means for securely
attaching the cover 352 to the base 350 and for sealing the
resulting deposition chamber. In an example, the cover 352
can also include a gasket for additional sealing. The thick-
ness of the base 350 and the cover 352 can be similar to the
thickness described 1n connection with FIG. 3A.

FIGS. 4A, 4B, and 4C are cross section views of three
confligurations of a bottom surface of a deposition chamber.
Any of these configurations 1s usable with any of the two
cover configurations described in connections with FIGS.
3A and 3B.

In FIG. 4A, a bottom surface and a set of walls of a
deposition chamber 410 are integrally formed. The bottom
surface includes no other structures. As such, an inner side
of the bottom surface can receive and retain a component
400 that 1s subject to parvlene deposition, such as a sub-
strate, a MEMS device, or a waler.

In FIG. 4B, a bottom surface and a set of walls of a
deposition chamber 430 are integrally formed. However, the
bottom surface includes a structure for retaining the com-
ponent 400. FIG. 4B 1illustrates a structure that includes a set
of posts 432. Other structures, such as a table, a T-shaped
like platform, or a notch are possible.

In FIG. 4C, a bottom surface and a set of walls of a
deposition chamber 450 are not integrally formed. Instead,
the bottom surface and the set of walls are separate parts. In
an example, the bottom surface 1s a tray 452. The tray 452
can be rigid and removable from a bottom of a base of the
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deposition chamber 450. For instance, the tray 452 releas-
ably mates with the base. The mating can include screw-
bottom, twist-bottom, clamping, taping, or other means for
securely attaching the tray 452 to the base and for sealing the
resulting deposition chamber 450. In an example, the tray
452 can also include a gasket for additional sealing. In an
example, the tray 452 can receive and retain a component
400. In another example, the tray 452 can include a retaining
structure, such as a set of posts, a table, a T-shaped like
plattorm, or a notch. Generally, the tray 452 eases the
placement and removal of the component in and from the
deposition chamber 4350.

FIGS. 5A, 5B, 5C, and 5D are cross section views of four
configurations of conduit through a cover of a deposition
chamber. Any of these configurations 1s usable with any of
the two cover configurations described in connections with
FIGS. 3A and 3B.

In FIG. 5A, a cover 510 includes an opening 512 that
extends between the inner and outer sides of the cover 510.
In this example configuration, the conduit corresponds to the
opening 512. The opening 512 can be manufactured as part
of the manufacturing of the cover 510. Otherwise, the
opening 512 can be created post manufacturing via a drilling
process (e.g., one that utilizes a high precision drilling tool).

In FIG. 5B, a cover 530 also includes a tube 532 rather
than merely an opening as in FIG. SA. The tube 532 extends
between and stops at the inner and outer sides of the cover
530. In this example configuration, the tube 532 attaches to
the sides of the wall(s) defined by the opening 1n the cover
530. The condwt corresponds to the tube 532.

In an example, the tube 532 can be made of paper, plastic,
rubber (e.g., silicone), glass, ceramic, metal, or other mate-
rial, and can be rigid, pliable, or elastic. The tube 532 can be
manufactured as part of the manufacturing of the cover 530.
Otherwise, the tube 532 can be created post manufacturing
by securely attaching and sealing the tube 532 to the sides
of the wall(s) defined by the opening.

Generally, the tube 532 has a lumen 534 that has a length
536 and a cross-section 338. In this case, the length 536
corresponds to the height (or thickness) of the cover 530
around the opening. The cross-section corresponds to the
distance between opposite points on the wall(s) of the tube

532.

In FIG. 5C, a cover 550 also includes a tube 552. In this
example configuration, the tube 552 extends upward away
from the top of the cover 550 and downward away from the
bottom of the cover 550. The conduit corresponds to the tube
552. As such, the lumen 554 of this tube 552 has a length
greater than the height (or thickness) of the cover 550. The
lumen 554 extends upward and downward from the cover
550.

In FIG. 5D, a cover 570 also includes a tube 572. In this
example configuration, the tube extends only upward away
from the top of the cover 570. The conduit corresponds to
the tube 572. As such, the lumen 574 of this tube 572 has a
length greater than the height (or thickness) of the cover 570.
The lumen 572 extends upward from the cover 570.

In both example configurations of FIGS. 5C and 5D, the
respective conduit includes at least one notch along a secant
of the conduit (shown in FIG. 5D as notch 576) at a
predetermined axial position of the conduit. The notch(es)
enables a user to more easily cut or sever the conduit to a
new, predetermined length. Hence, one or more notches may
exist along the conduit. Each of the notches can be located
at a predetermined location and corresponds to a potential
length of the conduit. By cutting the conduit at a particular
notch, the user sets the conduit to a desired length, where
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this length results 1n a particular rate of effusion and/or
diffusion. The notches and the resulting deposition rate
and/or length can be 1dentified on a label of the deposition
chamber.

FIG. S5E illustrates a cross-section of the cover 510 along
the A-A line in FIG. SA. As illustrated, the cover 510
includes a cylindrical opening 512. The opening 512 has a
circular surface are defined by a diameter.

FIG. 5F 1llustrates a cross-section of the cover 530 along
the B-B line in FIG. 5B. As illustrated, the cover 530
includes a cylindrical tube 532. The lumen 534 of the tube
532 i1s circular and has a diameter.

FIG. 5G illustrates another cross-section of the cover 510
along the A-A line in FIG. 5A. As illustrated, the cover 510
(shown as cover 510") includes a cuboid opening 512'. The
opening 512' has a square surface are defined by a width.

FIG. SH illustrates a cross-section of the cover 530 along
the B-B line in FIG. SB. As 1llustrated, the cover 530 (shown
as cover 530" includes a cuboid tube 532'. The lumen 3534
of the tube 532' has a square surface area defined by a width.

Although FIGS. 5E, SF, 3G, and 5H illustrate cylindrical
and cuboid shapes, other shaped are possible. For instance,
cubic, hexagon, cone, pyramid, and other polygonal shapes
or irregular shapes are possible for the opening 312, the tube
532, and/or the lumen 534.

FIG. 6 1llustrates a numerical simulation of the distribu-
tion of active monomers inside a deposition chamber. The
horizontal axis refers to the distance from the 1nner side of
the bottom surface of the deposition chamber. The vertical
axis refers to the pressure P, (in mTorr) inside the depo-
sition chamber. The solid line 610 corresponds to a cylin-
drical conduit with a 0.6 mm diameter. The dotted line 620
corresponds to a cylindrical condition with a 1.8 mm. The
pressure P, .~ inside the machine chamber 1s 23 mTorr (about
3 Pa). As 1illustrates, both pressures P,, . are constant across
the different distances within the deposition chamber, 1ndi-
cating that the deposition of parylene can be uniform.
Importantly also, the pressures P, are much lower than the
pressure P, . Specifically, the pressure P, 610 of the 0.6
mm conduit 1s about 0.2 mTorr (about 0.027 Pa) or about
115 times smaller than P, . Thus, if a 1 um thick parylene
film can be controllably manufactured 1n the machine cham-
ber, a 115 times thinner parylene film (e.g., about 9 nm) can
be likewise controllably manufactured in the deposition
chamber. Similarly, the pressure P, 620 of the 1.8 mm
conduit 1s about 1.95 mTorr (about 0.26 Pa) or about 88.5
times smaller than P, . Thus, 11 a 1 um thick parylene film
can be controllably manufactured in the machine chamber,
an 88.5 times thinner parylene film (e.g., about 112 nm) can
be likewise controllably manufactured in the deposition
chamber.

FIG. 7 illustrates experimental results of thicknesses of
different types of parylene deposition. Dimes for parylene N,
C, and HT are used. The horizontal axis refers to the
Knudsen number (Kn). The vertical axis refers to the ratio of
the achieved thickness in the machine chamber t, . to the
achieved thickness 1n the deposition chamber t,, . The ration
710 1s for parylene N. The ratio 720 1s for parylene C. And
the ratio 730 1s for parylene HT. The experimental results
show that at a Kn of about four, a 100 times thinner parylene
N and C are achieved. At a Kn of about eight, a 100 times
thinner parylene HT 1s achieved.

FIG. 8 1llustrates experimental results of deposited thick-
nesses relative to a loaded dimer weight. The horizontal axis
refers to the loaded dimer weight. The vertical axis refers to
the thickness of the deposited parylene 1n micrometer. The
thickness 810 corresponds to deposition 1 a deposition
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chamber that has a cylindrical conduit with a 0.6 mm
diameter. The thickness 820 refers to a deposition 1n a
machine chamber. As shown, the thickness 810 1s relatively
constant or uniform at 20 nm. In comparison, the thickness
820 1s linear with a high slope. To achieve 20 nm thickness,
a very small amount of dimers 1s needed (in the milligram
range). If more than 2 grams are used, the thickness 820 1s
over 1 um. These experimental results prove that, with flash
deposition, the deposition thickness 1s highly uncontrollable
and 1s highly sensitive to the amount of the loaded dimer. In
contrast, by using the deposition chamber, the deposition
thickness 1s highly controllable and repeatable even 1n the
nanometer range.

FIG. 9 1llustrates experimental results of deposited thick-
nesses relative to a diameter of a cylindrical conduit. The
horizontal axis refers to the loaded dimer weight. The
vertical axis refers to the thickness of the deposited parylene
in micrometer. The thickness 910 corresponds to deposition
in a deposition chamber that has a cylindrical conduit with
a 0.6 mm diameter. The thickness 920 corresponds to
deposition 1n a deposition chamber that has a cylindrical
conduit with a 1.8 mm diameter. The thickness 910 varies
between 10 nm and 30 nm depending on the amount of the
dimer. The thickness 920 varies between 20 nm and 150 nm
depending on the amount of dimer. By using 5 grams of the
dimer and the 0.6 mm conduit, a 10 nm parylene deposition
1s achieved. On the other hand, by using 20 grams of the
dimer and the 1.8 mm conduit, a 150 nm parylene deposition
1s achieved. These experimental results prove that manufac-
turing thin and ultra-thin parylene films 1s controllable and
repeatable 1n respective deposition chambers.

FIG. 10 1llustrates an example method 1000 of operating
a parylene deposition system to deposit thin or ultra-thin
parylene 1n accordance with an embodiment. The example
method 1000 1s 1llustrated with depositing parylene onto a
surface of a MEMS device. The method 1000 can be
similarly applied to deposit parylene on other components,
such as on a substrate.

At operation 1002, an operator places the MEMS device
within a core deposition chamber that comprises a conduait.
Any of the deposition chambers and conduits described
herein above can be used.

At operation 1004, the operator places the core deposition
chamber inside an outer deposition chamber (or, equiva-
lently, machine chamber) of a parylene deposition chamber.
For example, the core deposition chamber 1s placed on a
rotating platform located in the interior of the machine
chamber.

At operation 1006, the operator triggers the deposition of
the parylene onto a surface of the MEMS device based on
input at a user iterface of the parylene deposition chamber.
This operation can include a number of sub-operations. At
sub-operation 1005, the operator loads an amount of
parylene dimer and/or the parylene deposition system loads
that amount into its vaporizer. The amount can have a weight
in the gram range. At sub-operation 1007, the operator
provides 1nputs that sets control parameters for the deposi-
tion. Different types of mputs are possible. Generally, the
type of the mput depends on a label attached to the depo-
sition chamber and capabilities of the parylene deposition
machine (e.g., the functionality of the user interface, the
availability of a label reader). In one example, the 1nput
specifies the deposition time and the pressure P, .. In this
case, the operator derives these parameters from the label of
the deposition chamber to achieve a desired thickness. In
another example, the label 1s read by the label reader, or an
identifier of the deposition chamber and/or a dimension(s) of
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the conduit are inputted at the user interface. This enables
the parylene deposition system to set control parameters to
deposit the parylene and achieved a particular thickness.

Hence, the input of the operator thereaiter needs to merely
specily the desired thickness.

At operation 1008, the operator retrieves, upon comple-
tion of the deposition, the core deposition chamber from the
outer deposition chamber (e.g., the machine chamber). For
example, once the deposition time elapses, the operator
opens a door or a hatch of the machine chamber and removes
the core deposition chamber. If other MEMS devices were
also placed inside the machine chamber (but not in any
deposition chamber), the operator can retrieve them. These
MEMS devices would have a parylene coating that 1s thicker
than 1 um.

At operation 1010, the operator retrieves, from the core
deposition chamber, the MEMS device coated with the
parylene film. The thickness of this coating 1s less than 1 um
and can be 1n the nanometer range depending on the dimen-
sions of the conduit, the deposition chamber, the pressure
P,,~, and the deposition time, among other factors.

FIG. 11 1llustrates an example method 1100 of depositing,
thin or ultra-thin parylene in accordance with an embodi-
ment. This example method 1100 1s recited from the per-
spective of a parylene deposition system that includes a
vaporizer, a pyrolysis tube, an outer deposition chamber
(e.g., a machine chamber), such as the vapor deposition
polymerization system 100 of FIGS. 1A and 1B. A core
deposition chamber can be placed 1n and removed from the
machine chamber to enable thin and ultra-thin parylene
deposition. Here also, the example method 1100 1s 1llus-
trated with depositing parylene onto a surface of a MEMS
device. The method 1100 can be similarly applied to deposit
parylene on other components, such as on a substrate.

At operation 1102, the parylene deposition system vapor-
1zes a parylene dimer into a dimeric gas. For example, the
machine chamber contains the deposition chamber that, in
turn, contains the MEMS device. An amount of parylene
dimer 1s loaded into the parylene deposition system. This
amount 1s in the gram range and 1s suflicient for a typical
deposition of thick parylene (e.g., thicker than 1 um) 1n the
machine chamber. The vaporizer vaporizes the parylene
dimer into the dimeric gas.

At operation 1104, the parylene deposition system
pyrolizes the dimeric gas into a monomeric gas. For
example, the pyrolysis tube receives the dimeric gas from
the vaporizer and pyrolizes the recerved gas into the mono-
meric gas.

At operation 1106, the machine chamber receives the
monomeric gas. For example, the interior of the machine
chamber 1s pressurized at a particular pressure P, - (€.g., at
about 3 Pa) and 1s maintained a certain temperature (e.g., at
about room temperature of 25° C.). The monomeric gas 1s
received 1n the interior from the pyrolysis tube. Deposition
of parvlene onto surface of MEMS devices located on a
rotating platform (but outside any deposition chamber) 1s
possible at that pressure P, .~ and temperature. However, this
deposition results 1n thick parylene (e.g., thicker than 1 um).

At operation 1108, the monomeric gas efluses into the
core deposition chamber. For example, a portion of the
monomeric gas present in the machine chamber effuses via
a conduit through a top of a cover of the core deposition
chamber 1nto an interior of the core deposition chamber. The
cllusion depends on dimensions (e.g., length and cross-
section) of the conduit, among other factors. Although this
operation 1llustrates effusion, a portion of the monomeric gas
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can additionally or alternatively diffuse into the core depo-
sition chamber dependently of the dimensions of the con-
duit.

At operation 1110, parylene 1s deposited onto the surface
of the MEMS device contained 1n the deposition chamber.
The pressure P, .~ inside the deposition chamber 1s much
smaller than the pressure P, ,~ inside the machine chamber,
whereas the temperature can be the same. Hence, parylene
deposition occurs from the effused (and/or diffused) mono-
meric gas at a the lower pressure P, resulting 1n thin (e.g.,
less than 1 thuck parylene) or ultra-thin (e.g., in the nano-
meter thickness range) parylene film that coats the surface of
the MEMS device.

While the foregoing has described what are considered to
be the best mode and/or other examples, 1t 1s understood that
vartous modifications may be made therein and that the
subject matter disclosed herein may be implemented 1in
various forms and examples, and that the teachings may be
applied 1n numerous applications, only some of which have
been described herein. It 1s intended by the following claims
to claim any and all applications, modifications and varia-
tions that fall within the true scope of the present teachings.

Unless otherwise stated, all measurements, values, rat-
ings, positions, magnitudes, sizes, and other specifications
that are set forth in this specification, including 1n the claims
that follow, are approximate, not exact. They are mtended to
have a reasonable range that 1s consistent with the functions
to which they relate and with what 1s customary 1n the art to
which they pertain. “About” in reference to a temperature or
other engineering units includes measurements or settings
that are within 1%, 2%, +5%, £10%, or other tolerances
of the specified engineering units as known 1n the art.

The scope of protection 1s limited solely by the claims that
now follow. That scope 1s intended and should be interpreted
to be as broad as 1s consistent with the ordinary meaning of
the language that 1s used in the claims when interpreted in
light of this specification and the prosecution history that
follows and to encompass all structural and functional
equivalents. Notwithstanding, none of the claims are
intended to embrace subject matter that fails to satisiy the
requirement of Sections 101, 102, or 103 of the Patent Act,
nor should they be interpreted in such a way. Any unin-
tended embracement of such subject matter 1s hereby dis-
claimed.

Except as stated immediately above, nothing that has been
stated or 1illustrated 1s intended or should be interpreted to
cause a dedication of any component, step, feature, object,
benelit, advantage, or equivalent to the public, regardless of
whether 1t 1s or 1s not recited 1n the claims.

It will be understood that the terms and expressions used
herein have the ordinary meaning as i1s accorded to such
terms and expressions with respect to their corresponding
respective areas of inquiry and study except where specific
meanings have otherwise been set forth herein. Relational
terms such as first and second and the like may be used
solely to distinguish one enfity or action from another
without necessarily requiring or implying any actual such
relationship or order between such entities or actions. The
terms “‘comprises,” “‘comprising,” or any other variation
thereol, are intended to cover a non-exclusive inclusion,
such that a process, method, article, or apparatus that com-
prises a list of elements does not include only those ele-
ments, but may include other elements not expressly listed
or inherent to such process, method, article, or apparatus. An

clement proceeded by “a” or “an” does not, without further
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constraints, preclude the existence of additional identical
clements 1n the process, method, article, or apparatus that
comprises the element.

The Abstract of the Disclosure 1s provided to allow the
reader to quickly ascertain the nature of the technical dis-
closure. It 1s submitted with the understanding that it will not
be used to iterpret or limit the scope or meaning of the
claims. In addition, 1n the foregoing Detailed Description, 1t
can be seen that various features are grouped together in
various embodiments for the purpose of streamlining the
disclosure. This method of disclosure 1s not to be interpreted
as reflecting an intention that the claamed embodiments
require more features than are expressly recited in each
claim. Rather, as the following claims reflect, inventive
subject matter lies in less than all features of a single
disclosed embodiment. Thus the following claims are
hereby incorporated 1nto the Detalled Description, with each
claim standing on 1ts own as a separately claimed subject
matter.

What 1s claimed 1s:

1. A parylene deposition metering apparatus comprising;:

a base;

a removable cover configured to mate and seal with the
base to create an enclosed, core deposition chamber and
define an inside and an outside of the core deposition
chamber, the base and the cover configured to with-
stand an 1nternal vacuum pressure relative to the out-
side of at least 3.0 Pa; and

a conduit through a top of the cover and about a center of
the top of the cover, the conduit defined at least 1n part
by a first fixed portion of the cover and a second fixed
portion of the cover, the first fixed portion spaced apart
from the second fixed portion by a distance between 50
um and 6000 um, the conduit having a lumen connect-
ing the inside to the outside of the core deposition
chamber, the lumen having a length and a cross-section,
the cross-section having a width equal or smaller to the
distance between the first fixed portion and the second
fixed portion of the cover, the length being less than
140 times the cross-section width.

2. The parylene deposition metering apparatus of claim 1,
wherein the lumen comprises an unobstructed path between
the 1nside and outside of the core deposition chamber,
wherein the unobstructed path 1s along an axis that 1s
perpendicular to a deposition surface that 1s in the mside of
the core deposition chamber and that 1s configured to receive
a substrate for parylene deposition, and wherein the cross-
section 1s circular and the cross-section width 1s a diameter,

whereby the cross-section diameter and length are con-
figured to enable controlled eflusion of an outside
parylene monomer at 4.6 Pa and 273.14 K through the
lumen to the inside of the core deposition chamber
based on the unobstructed path, the effusion resulting 1n
a reduced deposition rate compared to outside of the
core deposition chamber.

3. The parylene deposition metering apparatus of claim 1,
further comprising:

a plurality of notches along a secant of the conduit at a

predetermined axial position of the conduit, each of the
plurality of notches corresponding to a different rate of
cllusion or diffusion and located along the secant based

on the rate, thereby enabling a user to more easily cut

or sever the conduit to a new, predetermined length.

4. The parylene deposition metering apparatus of claim 1,
wherein the length 1s less than 40 times the cross-section
width for parylene C deposition.




US 11,077,462 B2

21

5. The parylene deposition metering apparatus of claim 1,
wherein the cross-section width 1s greater than 76 um, and
wherein the length 1s greater than 7 times the cross-section
width.

6. The parylene deposition metering apparatus of claim 1,
wherein the core deposition chamber has a volume between
1 cubic centimeter and 10,000 cubic centimeters.

7. The parylene deposition metering apparatus of claim 1,
turther comprising a tube that defines the conduit through
the top of the cover and that extends through the cover to the
outside and 1nside.

8. The parylene deposition metering apparatus of claim 1,
wherein the cross section of the conduit corresponds to a
Knudsen number (Kn) of a monomer between 0.1 and 12.

9. The parylene deposition metering apparatus of claim 1,
wherein the base comprises a rigid, removable tray that 1s
opposite to the cover and that 1s configured to mate and seal
with the base and to retain a substrate inside the core
deposition chamber.

10. The parylene deposition metering apparatus of claim
9. wherein a distance between an inner side of the cover and
an inner side of the tray i1s between 1 centimeter and 40
centimeters.

11. The parylene deposition metering apparatus of claim
1, wherein the conduit 1s a first conduit, wherein the cover
comprises a plurality of additional conduits, and wherein
cach additional conduit has substantially a same length and
cross-section as the first conduait.

12. The parylene deposition metering apparatus of claim
1, wherein the cover 1s disposable after a first predefined
number of parylene deposition, wherein the base 1s dispos-
able after a second predefined number of parylene deposi-
tion, and wherein the second predefined number 1s larger
than the first predefined number.

13. The parylene deposition metering apparatus of claim
1, further comprising a label that 1dentifies at least one of a
dimension of the conduit, a pressure diflerential relative to
a pressure inside the core deposition chamber, or an 1den-
tifier of the core deposition chamber.

14. The parylene deposition metering apparatus of claim
13, wherein the label comprises a radio frequency identifier-
identification (RFID) tag that encodes the at least one of: the
dimension, the pressure differential, or the i1dentifier.

15. The parylene deposition metering apparatus of claim
13, wherein the label comprises a barcode that encodes the
at least one of: the dimension, the pressure differential, or the
identifier.

16. The parylene deposition metering apparatus of claim
1, wherein the length 1s greater than fifteen times the
cross-section width.
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17. The parylene deposition metering apparatus of claim
1, wherein each of the distance and the cross-section width
1s greater than 400 um, and wherein the length 1s greater than
two times the cross-section width.

18. A parylene deposition system comprising:

a vaporizer configured to vaporize a polymer dimer into
a dimeric gas;

a pyrolysis tube connected to the vaporizer and configured
to pyrolize the dimeric gas into a monomeric gas;

an outer deposition chamber connected to the pyrolysis
tube and having an interior configured to receive the
monomeric gas; and

a core deposition chamber placeable 1n and removable

from the outer deposition chamber and configured to
clluse the monomeric gas from interior of the outer
deposition chamber into an interior of the core depo-

sition chamber, the core deposition chamber compris-
ng:

a base,

a removable cover configured to mate and seal with the
base and define the interior of the core deposition
chamber, and

a conduit through a top of the cover and about a center
of the top of the cover, the conduit defined at least in
part by a first fixed portion of the cover and a second
fixed portion of the cover, the first fixed portion
spaced apart from the second fixed portion by a
distance between 350 um and 6000 um, the conduit
having a lumen connecting the interior of the core
deposition chamber to the 1mnterior of the outer depo-
sition chamber, the lumen having a length and a
cross-section, the cross-section having a width equal
or smaller to the distance between the first fixed
portion and the second fixed portion of the cover, the
length being less than 140 times the cross-section

width.

19. The parylene deposition system of claim 18, further
comprising a label reader, wherein the core deposition
chamber comprises a label that 1dentifies at least one of: a
dimension of the conduit, a pressure differential relative to
a pressure inside the core deposition chamber, or an 1den-
tifier of the core deposition chamber.

20. The parylene deposition system of claim 19, wherein
the system 1s configured to set a deposition time and a
pressure nside the outer deposition chamber based on a read

of the label by the label reader.
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